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I. INTRODUCTION 

The use of superconducting coi ls  in la rge  sys t ems  has been r e t a rded  
by the fact  that  the design of superconducting magnets  has been m o r e  of an 
a r t  than a s t ra ightforward application of physics and engineering pr inciples  
with the subsequent evolution of a predictable coil  design. Superconducting 
coils have been designed up to the present  using mainly data  obtained f r o m  
similar coi ls .  The problem of scaling da ta  to  coi ls  of different s i z e s  and 
shapes was a formidable one and when building a coil of a type that had not 
previously been built,  i t s  performance could not be predicted-  - somet imes  
within 500/0. This situation is tenable when dealing with small co i l s ;  how- 
e v e r ,  i t  becomes intolerable in la rge  coil sys t ems  where the investment in 
ma te r i a l s  and labor  can be considerable.  

Recently, however,  it  has been shown that superconducting coils can  
F i r s t ,  the sho r t  sample  be stabil ized. 1 

cur ren t  car ry ing  capacity is consistently achieved in coils with no s i ze  o r  
shape effects. Second, the uncontrolled t ransi t ion to  the normal  s t a t e  with 
the resul tant  loss of liquid helium and magnetic field is eliminated. These  
two re su l t s  combine to allow superconducting coils to  be designed and built 
with the a s su rance  that the i r  performance will have no m o r e  uncertainty in 
i t  than the usual  engineering to le rances ,  

Stabilization achieves two resu l t s .  

Although this  work was verified by t e s t s  on a w i r e  coi l ,  the implica- 
t ions a r e  equally valid fo r  coils with other  conductor shapes provided the  
pecul iar i t ies  unique to  them a r e  taken into account.  

Superconducting s t r i p  does in fact  have unique proper t ies  which 
p resen t  problems that mus t  be overcome before a successful  stabil ized coil  
can be constructed f r o m  it. 
these  problems and construct  a coil which can be used to ver i fy  the s tabi l i -  
zation theory  fo r  s t r i p  superconductors and refine i t .  

It is a ma jo r  purpose of this effort  to  solve 

The major  problems unique to  s t r i p  superconductors  a r e  a s  follows: 

1) Anisotropy 

2) Truncation in  wide samples  

3) 

4) 

Joints to and between superconductors 

Fabricat ion of stabilized conductors in lengths suitable 
for  coil  construction. 

All of these  problems have been overcome as a resu l t  of the p re sen t  
e f for t  and a successful  coil  has  been constructed and tes ted.  This work was 
confined a lmos t  ent i re ly  to the study of Nb-25% Z r  s t r i p  s ince it is the most  
readi ly  available and widely used of all ma te r i a l s  cu r ren t ly  available. 
following is a s u m m a r y  description of this work. 

The 



11. STABILIZED CONDUCTORS 

The behavior of a superconductor in a coil o r  as p a r t  of a c i rcu i t  is 
determined by its te rmina l  cha rac t e r i s t i c s .  
a r e  in genera l  a function of the magnetic field and the relat ive degree  to  
which the superconductor is cooled. 

These t e rmina l  charac te r i s t ics  

A superconducting mater ia l  exposed t o  an ex terna l  magnetic field can 
be charac te r ized  as having z e r o  resis tance up to  its c r i t i ca l  c u r r e n t .  
this  point the voltage rises v e r y  sharply at pract ical ly  constant cu r ren t .  
This in t u r n  r e su l t s  in the Joule heating raising the t empera tu re  of the supe r -  
conductor. 

At 

Due t o  the high cu r ren t  densit ies charac te r i s t ic  of superconductors ,  
the c u r r e n t  mus t  usually be considerably reduced before the sample  can 
again cool down and r e t u r n  to  fully superconducting behavior.  The r e t u r n  to  
the superconducting s t a t e  can  be made at higher cu r ren t s  if  an al ternate  path 
of low res i s tance  is provided and the conductor is well cooled. 

The analysis presented here  concerns the behavior of a shor t  sample 
of superconductor which has  been stabil ized by placing it in good e l ec t r i ca l  
and t h e r m a l  contact with a normally conducting subs t ra te  exposed t o  the 
liquid helium bath and in an  externally applied magnetic field. Consider 
what mus t  happen in such  a conductor as the cu r ren t  is increased .  
c u r r e n t s ,  all the cu r ren t  flows in the superconductor until it reaches  its 
max imum cur ren t  car ry ing  capacity. If the conductor is well cooled so  that 
the conductor t empera tu re  r i s e  can be neglected,  then a fur ther  increase  in 
c u r r e n t  will r e su l t  in a "spilling over" of the excess  cu r ren t  f r o m  the supe r -  
conductor t o  the no rma l  substrate .  

At low 

The net r e su l t  is a sharing of the total  cu r ren t  between the super -  
conductor and the subs t r a t e .  
r e s i s t a n c e  t o  limit its c u r r e n t ,  otherwise it would take on m o r e  c u r r e n t .  
Obviously, i f  not enough cooling is provided, the tempera ture  r i s e  due to  
c u r r e n t  in the subs t ra te  will resu l t  in a lowering of the cu r ren t  car ry ing  
capaci ty  of the superconductor result ing in  m o r e  cu r ren t  in the subs t ra te  
and a complete t r a n s f e r  of current  t o  the subs t ra te  m a y  occur .  

The superconductor m u s t  develop some 

To de termine  the stability of the conductor we mus t  analyze the be- 
havior  of the conductor when cu r ren t  is shared  between the subs t ra te  and 
the superconductor .  

h' heating p e r  unit length of q 

If we define 0 5 f 5 1 

To do this  in  a genera l  fashion, we sha l l  include a 

as being the fraction of the total  cu r ren t  I 
which flows in the subs t r a t e ,  then the  voltage p e r  unit length of the con- 
duction is : 

v = pIf/A (1)  

- 3-  



where p and A a r e  the resis t ivi ty  and c r o s s  sectional a r e a  of the sub-  
s t r a t e .  

qh qh - PI  f + - 
h P  - h n  h P  

2 
T - T b  = 

where 
r i s e  f r o m  the conductor t o  the cooling bath a t  a t empera tu re  
assumed to be a constant.  
to  the cooling bath is 

h is the heat t r ans fe r  per  unit sur face  a r e a  pe r  unit t empera tu re  
T b  and is 

The pe r ime te r  of the conductor that  is exposed 
P. 

Under conditions of cur ren t  shar ing between superconductor and sub-  
and the external ly  applied magnetic field d e t e r -  s t r a t e ,  the tempera ture  T ,  

mine the cur ren t  in the superconductor.  

Let  u s  define Ich (Tb)  as the maximum cur ren t  a superconductor  
can c a r r y  at  the bath t empera tu re  
f ie ld ,  H. This is  the so-cal led shor t  sample  o r  H-I  curve of the s u p e r -  
conductor. Since the cu r ren t  in the superconductor Is is given by 

T b  and in  an external ly  applied magnetic 

it follows that g(0) = 1 and g(1)  = 0.  Here  Tch is the superconductor 
c r i t i ca l  t empera ture  in a field H and g r ep resen t s  the functional re la t ion-  
ship between the superconductor cu r ren t  and t empera tu re .  
superconductors2 
s t ra ight  l ine:  

F o r  m o s t  
the functional re la t ions hip is well  approximated by a 

It is useful t o  introduce a s tabi l i ty  p a r a m e t e r .  

plch a =  hPA (Tch  - Tb) 

Use of Eqs.  (1)  and ( 2 )  and the defining of a 
sions af ter  some simplification: 

r e su l t  in the following expres -  

-4 -  
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i -  

where 

Equations (5) ,  (6)  and (7 )  a r e  shown plotted in F i g s .  1 ,  2 ,  and 3 respect ively 
fo r  s e v e r a l  values of a .  F o r  Qh = 0 and fo r  s e v e r a l  values of Qh for  
a = 2 .  

F igure  2 shows the vol tage-current  cha rac t e r i s t i c s  of a unit length of 
the conductor.  
a coil which is inductive, we should examine the stabil i ty at constant cur ren t .  

Since we a r e  interested in the behavior of this conductor in 

Two distinct types of operation are  possible for  no heat input 
depending on the value of a. F o r  a < 1. 0 no voltage appears  until I = Ich 
(the superconductor cu r ren t  carryingcapaci ty) .  F o r  I > Ich the voltage 
increases  gradually with cu r ren t .  The cha rac t e r i s t i c  is everywhere single 
valued. F o r  a > 1. 0 the operation is m o r e  complicated: 

(qh=  0) 

For :  'ch O < I s -  
Gi 

Single valued operation resu l t s  with all the c u r r e n t  in the superconductor 
(v = 0) .  

F o r :  5 I I Ich 
'ch - 
G- 

Double valued operat ion resu l t s  with ei ther  all 4. the cu r ren t  in  the supe r -  
conductor o r  all the c u r r e n t  in the subs t ra te . '  

:k 
Operation on the negative res i s tance  p a r t  of the curve  is unstable for  a 
constant cu r ren t  type of operation. 

- 5- 
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F o r :  I >  'ch 

Single valued operation resu l t s  with a l l  the cu r ren t  in the subs t ra te .  

Completely s table  operation r e su l t s  for  a I 1. 0.  F o r  a > 1.  0 
s table  operation is l imited to currents  up to  Ich/d-a. 
above Ich/d-a s teady operation with a l l  the cu r ren t  is still possible up to 
k h  ; 
will immediately switch to  the substrate .  

In the region of cu r ren t  

however ,  should the conductor s u f f e r  a disturbance then al l  the cu r ren t  

The effect of heat is easi ly  summar ized  by the following behavior:  

1) Curren t  begins to  t ransfer  out of the superconductor a t  a total 
cu r ren t  of 

I 

which s implif ies  to I/Ich = 1 
for all values of > 0. 
heat is supplied to r a i s e  the tempera ture  to i ts  c r i t i ca l  value even with no 
cu r ren t  flowing. 

2 )  

for  Qh = 0 .  If Qh = 1. O then a voltage exis ts  
The physical interpretation of this is that enough 

This means  that the range of in te res t  i s  0 < Q, < 1. 0 .  

The amount of heat necessary  to  completely drive the cur ren t  
out of the superconductor a t  any cur ren t  is: 

2 I 
Qh] = 1 - a ( - )  

'ch 

f 1 .0  

3) The slope of the vol tage-current  charac te r i s t lc  a t  the f i r s t  
appearance  of voltage is: 

s ince  a is multiplied by ( 1 - ah) the effect oi heat is to reduce the slope 
of the vol tage-current  curve  a t  the f i r s t  appearance  of voltage. 
this is done a t  the expense of lowering the cu r ren t  a t  which voltage f i r s t  
appea r s .  

However,  

To i l lus t ra te  this behavior F igs .  1 ,  2 a n d 3  show the vol tage-current  
Qh , for cha rac t e r i s t i c s  a s  a function of heat input p a r a m e t e r  a = 2 .  0. 

- 9- 



111. ANISOTROPY AND ITS REDUCTION B Y  ANNEALING 

The anisotropy of c r i t i ca l  cu r ren t  density with r e spec t  to  magnetic 
rolled s t r ip  is well-known and has been reported field direct ion in Nb-Zr 

on by many authors .  
this anisotropy lies with the unique metal lurgical  s t ruc tu re  induced by the 
rolling r a the r  than by the shape ot the sample tes ted.  3-1 Experiments  
involving cer ta in  annealing procedures  designed to  reduce  anisotropy in 
Nb-25% Z r  

It is generally agreed  that the underlying causes  of 

rolled s t r i p  have borne out this opinion. 

Two s e t s  of samples  s imi la r  to  that shown in F i g .  4 were  sheared  
f r o m  0.051 mm thick Nb-25% Z r  cold rolled s t r ip .  Each  of these samples  
was annealed for different lengths of t ime at t empera tu res  of 560 and 70Ooc 
and a t  a p r e s s u r e  of approximately 10-4 t o r r . ,  as s e t  for th  in Table I. 

Table I 

Sample No. Anne a1 ing Temper  a tur  e 

A46 
A48 
A49 
A4 1 
A31 
A39 
A 34 
A 38 

700 
700 
700 
700 
560 
560 
560 
560 

Time a t  Tempera ture  

(hours)  

0 .12 
0 .25  
0 .50  
1.00 
1.00 
3. 00 
6 . 0 0  

15. 0 

Samples were  tes ted  in the field of a s tant ionary Helmholtz type 
superconducting magnet  capable of producing up to  4 T.  12 
energized by means of an external  dc cu r ren t  source  and the onset of the 
no rma l  s ta te  was detected by means of a microvol tmeter  connected a c r o s s  
the necked down t e s t  sect ion.  
the  sample with r e spec t  t o  the magnet so  as to  v a r y  the orientation angle ,  
0, as defined in  Fig.  4. 

They were  

Anisotropy data w a s  obtained by rotating 

Typical r e su l t s ,  showing how the anisotropy curve  for  the unannealed 
material is modified by the annealing p rocess  is shown in Fig.  5. 
t h e r e  the peak cu r ren t  at low orientation angles is effected v e r y  l i t t le where-  
as that  at the high angles is great ly  increased.  

As seen 

-11- 
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Fig.  4 Typical example of sho r t  sample  showing relat ionships  between 
s t r ip  geomet ry ,  roll ing plane and magnetic field or ientat ion.  
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In o rde r  to systematical ly  s e t  for th  the resu l t s  obtained f r o m  the 
var ious  samples  we define an anisotropy index, K ,  such  that 

cu r ren t  a t  e = 7r/2 
= c u r r e n t  at e = o 

The possible values of K can a s sume  a range between z e r o  f o r  highly 
anisotropic  mater ia l  to unity for  isotropic  ma te r i a l ,  e .  g . ,  the value of K 
for  unannealed Nb-25% Z r  s t r i p  is l e s s  than 

In Fig.  6 the  anisotropy index, K and the c r i t i ca l  c u r r e n t  densi ty  
a t  0 = 0 and the cu r ren t  density at  0 = 7~/2  
plotted together as a function of annealing time. 
cha rac t e r  of the two curves a r e  the s a m e  for  each  t empera tu re ,  the only 
major  difference being that the higher t empera tu re  curves  a r e  displaced 
toward s h o r t e r  annealing t imes .  

in a field of 3. 6 T a re  shown 
As seen  the re  the genera l  

In e a c h  case ,  K r i s e s  fa i r ly  rapidly,  then levels  of while the maxi- 
m u m  c r i t i ca l  cur ren t  density (initially about 18 x lo8  A/m’ f o r  unannealed 
ma te r i a l )  r i s e s  slightly, then d e c r e a s e s .  
be defined for  each tempera ture  by taking the t ime fo r  which the c r i t i ca l  
c u r r e n t  fo r  perpendicular f ields is at i ts  peak value.  

An optimum annealing t ime  can  

In F ig .  7 ,  K is shown plotted as a function of magnetic field. It 
dec reases  v e r y  rapidly with field,  then levels  off a t  a value dependent on 
the annealing time and t empera tu re .  

In o r d e r  to f o r m  a possible  explanation for  the behavior summar ized  
in Fig.  6 i t  is useful t o  observe the phase d i ag ram for  the Nb-Zr  alloy 
s y s t e m  as shown in Fig.  8. 

Normally in s t r i p  manufacture ,  the alloy is cooled rapidly during 
In such  an  operat ion,  little o r  the rolling operation f r o m  around 1000°C. 

none of the equilibrium phases  can  precipi ta te  out, so  that the end product 
is a highly cold worked single pbase ma te r i a l ,  f u l l  of lattice imperfect ions 
aligned in accordance with the roll ing plane. These anisotropic  la t t ice  im- 
perfect ions give r i s e  to  the ex t r eme ly  anisotropic  nature  of the m a t e r i a l  and 
in genera l  to  i ts  high c r i t i ca l  cu r ren t .  

Three  distinct metal lurgical  mechanisms ex is t  which, working 
together ,  could explain the observed behavior of this m a t e r i a l  upon anneal-  
ing. These  a r e :  

a) Precipitation of equi l ibr ium phases  

b) 

c )  Lattice softening 

Coalescence of the g ra ins  of prec ip i ta te  

-14- 
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During the e a r l y  s tages  of the annealing p r o c e s s ,  sma l l  grains  
of equilibrium phases begin to f o r m ,  causing la t t ice  s t r a i n s  and in general  
behaving like latt ice imperfections which tend to  increase  the  c r i t i ca l  c u r -  
r en t ,  thus accounting fo r  the init ial  r i s e  in c r i t i ca l  cu r ren t .  
imperfections caused by rol l ing,  these a r e  i so t ropic ,  hence contribute to  
the cu r ren t  density at  all orientations of the magnetic field,  thus accounting 
for  the increase  in anisotropy index. 

Unlike the 

As t ime  goes on, the new gra ins  begin to  coalesce.  When the number 
being annihilated exceeds that being nucleated,  the total  number of new grains  
begins to  decrease ,  hence the cu r ren t  density begins to  dec rease .  
available nucleation s i t e s  a r e  used up the r a t e  of nucleation diminishes and 
the anisotropy index begins to  level off. 

As the 

In the final s tages  of annealing, the la t t ice  is general ly  softened. 
This gives rise to a lower normal  res i s t iv i ty  and hence lower c r i t i ca l  
c u r r e n t .  

In general ,  these experiments  have shown that it is  possible to  
grea t ly  reduce,  though not eliminate,  anisotropy by a s imple  opt imum anneal.  

-18- 



IV. TRUNCATION AND ITS REMOVAL B Y  STABILIZATION 

Measurements  of the magnetic anisotropy of c r i t i ca l  cu r ren t  in 
s amples  wide enough for use in large magnets  revea l  a degradation effect 
in s t r i p  superconductors.  This effect ( a s  reported e a r l i e r l 2 *  13) is mani -  
fes ted as  a truncation o r  "chopping off" of the peaks of the anisotropy curves  
of these  samples .  With nar row samples  the anisotropy curves (average 
c r i t i ca l  cu r ren t  density plotted a s  a function of magnetic field direct ion)  
normal ly  display a well defined peak centered about the direction para l le l  
to the rolling plane of the s t r ip .  
appears  progressively m o r e  truncated a s  the width is  increased  and the 
truncation level (i. e . ,  maximum curren t  density) i s  roughly inversely 
proportional to  the width so that the total  cur ren t  tends to  r ema in  constant,  
independent of width. F o r  Nb-25% Z r  s t r i p  0.051 m m  thick, this limiting 
c u r r e n t  is approximately 150A a t  a field of 4 T  for  widths between 1 and 
10 mm. 
m u m  cur ren t  densit ies of 18 x 108 A r m 2  whereas  10 mm wide samples  
show s e v e r e  truncation and have maximum cur ren t  densit ies of 1. 5 x 108.  
This effect has  been completely eliminated by stabilizing the s t r i p  with 
copper  backing. 
ing experiment.  

With wide samples ,  however,  this peak 

1. 32 mm wide sample  displa l i t t le o r  no truncation and have maxi -  

These  r e su l t s  w e r e  observed  and confirmed in  the follow- 

An annealed sample  3. 3 mm wide by 0. 051 mm thick (a sample  which 
normal ly  would show s e v e r e  truncation) was  p r e p a r e d  and mounted in  the 
t e s t  apparatus  a s  shown in Fig. 9. 
down t e s t  region was  s tabi l ized with copper s t r ip .  
supply was  f ed  in by m e a n s  of this s a m e  copper s t r i p  and the onset of the 
n o r m a l  s ta te  was  detected by means of a microvol tmeter  connected a c r o s s  
the t e s t  section. 

A 15 c m  long section including the necked 
Curren t  f r o m  an  external  

This s ample  was  tes ted  twice, f i r s t  as descr ibed above in i ts  s tabi-  
l i zed  s t a t e  and l a t e r  again with the stabilizing copper separa ted  and e lec t r i -  
cal ly  insulated f r o m  the Nb-Zr  just in  the t e s t  section. 
t hese  two t e s t s  a r e  shown in Fig.  10 where  they a r e  compared  with ea r l i e r  
r e su l t s  taken on unstabil ized samples.  The stabil ized sample  (A31 in 
Fig. 10) shows complete  absence of truncation while in  i t s  stabil ized s ta te .  
In its unstabil ized s t a t e  (A31-1) it shows typical s e v e r e  truncation a t  a 
c u r r e n t  level  equal to that of a n  ea r l i e r  completely ba re  sample  (A2) of 
approximately the s a m e  width. Sample A16 is unstabilized but of sma l l  
enough width s o  that  truncation effects a r e  not noticeable. 
of the  peak with sample  A31 is due to the heat t reatment .  ) 

The resu l t s  of 

(The broadening 

Similar  r e su l t s  w e r e  obtained with the s a m e  experimental  technique 
on a n  even wider  s ample  (0 .051  mm by 10.5 mm annealed Nb-25 Z r )  and 
these  data a r e  shown in  Fig.  11. 
orientation a r e  virtually identical with those for the 3. 3 mm sample.  

The cu r ren t  density ve r sus  angular 
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Fig .  10 The effect of stabilization on t runcat ion in a 0. 051 mm by 3. 3 mm 
sample  of Nb-25% Z r  s t r ip .  
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0 SAMPLE A37-1 (UNSTABILIZED) 

SAMPLE DIM.:0.051mmxlO.5mm 

FIELD: 4 .OT 

ORIENTATION ANGLE ( 8 )  

F i g .  11 The effect of stabil ization on truncation in a 0. 51 mm by 10. 5 mm 
sample of Nb-25% Z r  s t r i p .  The shaded a r e a  indicates the range 
of data sca t t e r  in the t runcated region. 
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A possible explanation of the phenomena of truncation can  be de- 
veloped on the basis  of the cur ren t  density distribution existing on the 
sur face  of a s t r i p  of infinitely conductive ma te r i a l  a s  predicted f r o m  
Maxwell 's equations. If the actual s t r i p  c r o s s  section is approximated 
by an  ell ipse whose m a j o r  and minor axes a r e  a and b ,  respect ively,  
the sur face  cur ren t  density distribution can be readi ly  obtained by means  
of the conformal  t ransformation 

z = s in  w 

where  z and w a r e  complex var iables .  (See Appendix A) This was done 
for the four cases  a /b  = 1, < l o ,  10 and 100 and the resu l t s  a r e  shown in 
Fig. 12. As seen there  the maximum sur face  cu r ren t  density, K always 
occurs  at the ex t remi ty  of the ell ipse where  the curva ture  is maximum. 
F u r t h e r m o r e ,  the magnitude of the maximum sur face  cu r ren t  density,  
is proportional to  the aspec t  ratio,  a/b, 

G, 
s o  that 

I 
Km = 2.lrb 

If it is now as sumed  that in actual prac t ice  the extremit ies  a r e  cooled 
well  enough so that th i s  sur face  cur ren t  can in fact  penetrate  for  some dis-  
tance in f r o m  the edge in a m o r e  o r  l e s s  stable fashion result ing in a volume 
cu r ren t  density there  instead of a su r f ace  c u r r e n t  density, then this 
volume cu r ren t  density,  J, flowing inside the c r o s s  section would be 

K 
J = $ F  ( 9 )  

where  4 is some constant depending on geometry  and cooling factors .  The 
p a r a m e t e r  $ i s  a cha rac t e r -  
i s t i c  distance in f r o m  the edge, within which cu r ren t  can penetrate the s t r i p  
in a stable fashion. In other words,  the c u r r e n t  tends to flow only in 
regions of width A along each edge of the s t r ip .  Using this concept: 

can be looked upon a s  a rat io  A /b where  A 

(10) 
2 

J m = 4Km/b = (41)/(27~b ) 

This  implies that  the total  current  i s  independent of width and is of the order  

2 
(11) I = 2 n 4 b  Jc  
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SURFACE CURRENT 

DENSITY, K ( A h )  

-IDEALIZED ELLIPTICAL STRIP CROSS SECTION 

Surface cu r ren t  density dis t r ibut ion f o r  a n  infinitely conductive 
s t r i p  of ell iptical  c r o s s  section. 
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where Jc 
c r o s s  sect ion in which t runcat ion is negligible. 
measu remen t s  on unstabil ized s t r ips  i s  given in Table 11. 12,  l 3  

is the c r i t i ca l  cu r ren t  density a s  given by samples  of v e r y  small 
Typical data f r o m  previous 

Table I1 

Total Curren t  v s .  Strip Width for  F ie ld  P a r a l l e l  
to S t r ip  Plane (e  = 0 )  

StriD Width (mm) Total  Curren t  (A) 

1. 32 
3. 07 
4. 80 

10 .0  

121 
128 
80 

A 132 

This  data  shows that the total c u r r e n t  does ,  in fact ,  tend to  be in- 
Evidently the center  p a r t  c a r r i e s  l i t t le o r  no cu r ren t ,  

o r  g r e a t e r  the c u r r e n t  tends t o  r e m a i n  in- 
dependent of the width. 
hence for  s t r i p s  of width 2A 
dependent of width. 
resul t ing 4 is of the o r d e r  10, giving a A of the o rde r  1 mm. This 
a g r e e s  with the observat ion that t runcat ion is negligible for  s t r i p s  1 mm o r  
l e s s  in width. The effect of the copper stabil ization is to  allow the sur face  
c u r r e n t  t o  red is t r ibu te  uniformly throughout the en t i r e  width in a s table  
fashion instead of jus t  along the edges.  

If the numbers  in  Table I1 a r e  put into Eq. (11) the 
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V. PRODUCTION OF STABILIZED STRIP IN LONG LENGTHS 

F o r  much of the shor t  sample testing the Nb-Zr s t r i p  was stabil ized 
s imply by clamping i t  tightly to the copper during the annealing process .  
This resul ted in a r a t h e r  weak bond which, though sa t i s fac tory  f o r  shor t  
sample  tes t ing,  will not withstand the bending and shock of coil  winding. 
F u r t h e r m o r e ,  this  method does not lend itself to the fabrication of lengths 
suitable for  coil  winding. Consequently, s eve ra l  methods of laminating 
long s t r ip s  w e r e  investigated. 

The s imples t  and most  effective way found was to plate the s t r ip  with 
Composite s t r ip  made in 

N b - Z r  between two copper components is  v e r y  
copper and then soft solder  it t o  the copper s t r ip .  
this way by sandwiching the 
res i s tan t  to thermal  and mechanical shock and can  be bent around a radius  
of l e s s  than 1 c m  without damage.  This was the ma te r i a l  used in the 12.7 
c m  I. D. solenoid. 

Cold rolling and diffusion bonding w e r e  a l so  t r i ed  a s  possible lamina-  
ting methods but neither were  found to  be sat isfactory.  
failed because in o r d e r  to obtain sticking of the copper  to  the (or  
even to i tself)  so  much reduction was needed that the result ing elongation 
f rac tured  the l e s s  ductile Nb-Zr component. 

The cold rolling 
Nb-Zr 

In another attempt the Nb-Zr and copper  components w e r e  first 
plated with indium and then rolled. It was hoped that indium with i ts  high 
sticking coefficient would effect a good bond but only minimal  success  was 
obt a ine d . 

Diffusion bonding was attempted by roll ing the composite s t r i p  tightly 
on a spool and heat t rea t ing ,  relying on winding tension to  supply the neces-  
s a r y  p re s su re .  
anical ly  adequate. 

The bond thus achieved was nei ther  e lectr ical ly  nor mech-  

For prac t ica l  coil  construction it is essent ia l  that  some provision 

In addition, it is highly desirable  f r o m  a 
be made for  making low resis tance joints which can be wound into the coil ,  
and that these  joints be stable.  
fabrication standpoint to  devise a method whereby joints can be made a f t e r  
the s t r i p  has  been laminated with the no rma l  stabilizing metal .  

The soldered ma te r i a l  lends itself well to  the use  of lap soldered 
jo in ts .  
of the two ends to be joined and soldering t h e m  together a s  shown in Fig.  13 
so that only a thin layer  of solder exis ts  between the two superconducting 
e lements .  Joints of this type have been constructed with res i s tances  well 
below 10-10 ohms.  Although not completely superconducting, such joints 

These joints a r e  made  by s imply  removing the copper f r o m  one side 
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are perfect ly  adequate f o r  m o s t  applications and one has  been used success -  
fully in the 12. 7 c m  I. D. solenoid. 
due to the joint would  be in excess  of 5 x lo7  sec .  
not adequate,  however,  spot welds can  be added to  make the joint completely 
superconducting. 

With this unit the L/R t ime  constant 
If t h i s  is (> 50 days) .  

y N  b -  25 '70 Zr ,-SOFT SOLDER (PLUS RESISTANCE 
SPOT WELDS IF USED) 

//COPPER / /-SOFT SOLDER 

F i g .  13  Typical lap joint between two sections of stabil ized superconductor .  
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VI. A SMALL SUPERCONDUCTING DISK SOLENOID 

Before building a s t r ip  coil using the stabilization principles outlined 
above, it was decided to f i r s t  confirm them on a smal l  coil. 
meaningful resu l t s  such a coil must  have some of the important aspec ts  of 
the proposed l a r g e r  coil. It must  contain conductors of comparable  c r o s s  
section so  that truncation effects ,  if p resent ,  will show up; it m u s t  have 
roughly the s a m e  rat io  of copper to superconductor and it m u s t  be energized 
with cu r ren t s  a t  l ea s t  up to  the cr i t ical  value. F o r  a smal l  coil  the assoc ia-  
ted self f ields a r e  small and therefore  the cu r ren t s  a r e  apt to  be v e r y  high, 
making ex terna l  energization difficult. Consequently, the only prac t ica l  way 
to energ ize  such a coil  i s  by some inductive means .  

To render  

The superconducting disk solenoid shown in Figs .  14 and 15 m e e t s  
these requi rements  quite adequately and was in fact used in an experiment  
to cor robora te  many of the predictions of the stabilization theory outlined 
above. The solenoid consisted of a l ternately situated copper and Nb-25% 
Z r  d i sks .  The copper disks  were  0 .51  mm thick and the superconducting 
disks  were  0.051 mm thick. These w e r e  optimally heat t rea ted  (6 h r s .  a t  
56OoC) to  reduce anisotropy. 
rad ia l  width ( ro  - ri) conformed roughly to  the width of the s t r i p  to be used 
in the  proposed coil. 

The disk dimensions were  chosen s o  that the 

The unit was energized inductively by placing it in the field of a 
one inch I. D. superconducting magnet capable of producing 5 T. 
taken by means  of two bismuth magnetoresistance probes ,  one on the axis 
at the center  plane and one j u s t  outside the solenoid a l so  on the center  plane. 

Data were  

The experimental  procedure was as follows: 

Starting f r o m  z e r o  field with the solenoid in the virgin s ta te ,  the 
ex terna l  field was  increased positively to 4 T ,  then back through z e r o  to 
-4  T, then back through z e r o  t o  t4 T. 
X-Y plotter with the external  field on the X axis and the internal field on 
the Y axis so  that with the above energizing sequence a hys te res i s  loop was 
t r a c e d  out. 

Data was recorded by means of an 

A typical loop for  the unit is shown in Fig. 16. 

The behavior shown there can  be explained in t e r m s  of the cu r ren t s  
induced in the superconducting disks as the applied field is changed. 
change in this applied field a s  it is increased initially f r o m  z e r o  induces 
c u r r e n t s  in the disks  of such a magnitude as to c rea t e  a secondary  field 
equal  and opposite to the applied field.  

The 

The total  effect is therefore  to  exclude the external  field. This ex- 
c lusion continues to  take place as long as the c r i t i ca l  cu r ren t  density of the 
superconducting disks  is  not exceeded and they do not quench. When the 
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PROBES 
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0.002" N b-25 70 Zf  /- 

Schematic i l lus t ra t ion  of s tabi l ized superconducting disk solenoid 
showing detai ls  of construct ion and location of magnet ic  field 
sensing probes .  
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Fig .  15 Stabil ized superconducting d isk  solenoid r eady  f o r  inser t ion  into 
hel ium dewar .  
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UPPER 

/ -4t 
Fig.  16 Typical hys te res i s  loop for  superconducting disk solenoid, showing 

details  of instabil i t ies and quenches. 
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I .  

cr i t ica l  cu r ren t  is exceeded, one of two things can happen. 
is unstable the joule heating caused by the over -cr i t ica l  cur ren t  is not 
c a r r i e d  away effectively and the normal  region will propagate causing a 
par t ia l  o r  possibly a complete quench. If the unit is s table ,  however ,  the 
no rma l  region does not propagate but s imply  forces  the cu r ren t  to r e -  
dis t r ibute  fur ther  into the disks .  F u r t h e r m o r e ,  since the inner portions 
of the solenoid a r e  always shielded f r o m  field changes of any s o r t  by in- 
duced cu r ren t s  fur ther  out, the cur ren t  density in any completely s table ,  
virgin situation mus t  of necessi ty  be c r i t i ca l  o r  not exis t  a t  al l .  Thus as  
the applied field is increased  initially f r o m  z e r o  in a stable situation the 
field everywhere inside r i  remains  z e r o  until the disks  a r e  "completely 
filled" with c r i t i ca l  cur ren t .  
a similar manner  trapping of the field resu l t s  a s  the ex terna l  field is r e -  
duced f r o m  a high value to a lower value. 
late the actual cu r ren t  density profile in the disks f r o m  the data contained 
in the stable portions of the hys te res i s  loop shown in Fig.  16. 
the method by which this was done will be descr ibed fully but for  the moment 
the r e su l t s  will be used to  describe in detail  the behavior shown in Fig.  16). 

If the solenoid 

Only then does the inside field increase.  In 

These fac ts  were  used to calcu- 

(La te r  on 

There  a r e  seve ra l  dist inct  types of branches in  the loop shown in 
Fig.  16. 
descr ibed above and a r e  classified a s  follows: 

They all re la te  direct ly  to the flux exclusion and trapping concept 

1) The c u r r e n t  t ransi t ion branch is always charac te r ized  by an 
abrupt  change in cu r ren t  density somewhere between ro and r . .  Typical 
examples  of these branches  a r e  o - B ,  D-F and H-K in Fig.  l b .  
Fig.  17 the cur ren t  and field profiles in the solenoid a r e  shown for  points 
A, E, and I respect ively which lie within these branches .  

i nc reased  and the c u r r e n t  has  penetrated the en t i re  solenoia. it is ~ i i d r -  
ac te r i zed  by unidirectional field and cu r ren t  throughout the volume of the 
solenoid. A typical example is .shown in F i g .  18a for  point G in  Fig .  16 
(branch  F-H).  

t ion branch as the applied field is being decreased.  
b ranch  it is a lso charac te r ized  by unidirectional c u r r e n t  and field. 
typical example is shown in Fig.  18b for  point L in b ranch  K-M. 

the applied field is reduced to  zero and then increased  in the negative d i rec-  
tion. It i s  charac te r ized  by unidirectional cur ren t  but a field r e v e r s a l  
within the solenoid. A typical example is  shown in Fig.  
N on branch  M-N. 

In 

2 )  The excluding branch  occurs when the ex terna l  field is being 

3) The trapping branch occurs after completion of the upper t r ans i -  
Like the excluding 

A 

4) The field t ransi t ion branch occurs  a f te r  the trapping branch when 

18c taken for  point 

The data shown the re  indicates that the solenoid is s table  over most  
Only at low field values where  the c r i t i ca l  cur ren ts  of the field excursion.  

a r e  high does it become unstable and quench. 

The s table  portions of the loop in Fig.  16 can  be used t o  calculate 
the cu r ren t  prof i les  a s  follows. 
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(b) 
(PROFILE E )  

3- 

(C 1 
(PROFILE I) 

Fig.  17 Curren t  and field prof i les  for  the superconduct ing d isk  solenoid 
taken at t h ree  points on the h y s t e r e s i s  loop of F ig .  16. 
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(PROFILE L )  
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( C )  

( PROFILE N )  

Fig .  18 Cur ren t  and field prof i les  fo r  the superconducting disk solenoid 
taken at t h ree  points on the hys t e re s i s  loop of F ig .  16. 

- 35- 



Assuming that the solenoid is long enough s o  that the fields observed 
c a n  be reasonably approximated by those of an  infinite solenoid,  Ampere ’ s  
law can be writ ten as :  

Since J = J, (B) (i. e .  , a unique single valued function of the mag-  
netic field) th i s  equation can  be wri t ten as follows: 

d B  Jco = - P o d r  

We can  define a new var iab le  ’1 such  that  

d r  
r - r  dq = - 
0 i 

and B can  now be considered as being a single valued function of . 
Integration then yields: 

Where 
a r b i t r a r i l y  taken t o  be a t  the outside r ad ius .  

C (Bo) depends on the magnetic field a t  a given point,  which is 

For a given setting of ex te rna l  magnet ic  field the value of ‘1 at the 
outside rad ius  is: 

T. 

then at the inside rad ius :  
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We a r e  now in a position t o  calculate B as a function of , graphically 
f r o m  the data as follows: 

1) Using any convenient scale,place a point [ q 1 Bill as shown in 
F i g .  19 where Bil is the inside field at the top of the trapping branch 
(K-M)  of Fig. 16 and q 1 is any convenient s ta r t ing  point. 

field at  the s a m e  point on the trapping branch of F i g .  16. 
2 )  P lace  another point [ (q - 1) , Boll where Bol is the outside 

3) 
4) P ick  a slightly lower value of Bi (i. e.  , Biz < Bil) and place 

Sketch in a plausible curve between these two points. 

it a t  a point on the sketched curve  s o  that it defines a corresponding new 
value of r( (i. e ,  '1 = ~ 7 2  < 7 l) .  

P l ace  a new point ( 7 2  - 1) , 
extend the curve  to  this  new point. By continuing this p rocess  along the 
s table  portion of the curve a complete B v s  '1 curve  can  be obtained. 
The curve shown in Fig.  19 was in fact obtained f r o m  the data of Fig.  16 by 
working f r o m  K to  N and then working backwards f r o m  S to  Q. The 
two pa r t s  were  then joined together. 
tained in spite of the existence of the quench between N and Q. 

5) Bq2 f r o m  the data in Fig. 19 and 

In this way the en t i re  curve was ob- 

F r o m  this  curve the cur ren t  density can be obtained f r o m  a m p e r e s  
law: 

This has  a l so  been plotted in Fig.  19 along with B. Since the 

plotted direct ly  as a function of B t o  obtain a n  H-I  curve for the mater ia l .  
This  is shown in Fig.  20. It can be shown14 tha t  fo r  any unique dependence 
of Jc on B ,  the hys t e re s i s  loop has  "folding symmetry"  about the 45' line 
(shown dashed in Fig.  16). However, Fig.  16 does not quite have this  
s y m m e t r y  and consequently the cu r ren t  profiles and H-I  curves  for  the 
t rapping branch are  slightly different f r o m  those for  the excluding branch.  
This  i s  probably due to  the fact  that the solenoid was not quite long enough 
to  avoid some field curva ture  near  the  center  plane. 
t u r e  a slight e r r o r  in ver t ica l  placement of the magnetoresis tance probes  
(which have an anisotropic field sensit ivity) could account for  this .  
is a l so  borne out by the shape of the quench curves  in Fig.  
t u r e  f r o m  N to  P f o r  example is accounted for  by the fact that there  is I 

s o m e  field concentration between the outer  edge of the solenoid and the inner 
d i ame te r  of the energizing magnet. 
centrat ion is rel ieved,  thus lowering the external  field. 

c u r r e n t  density Jc shown the re  is a unique function of By it can  a l so  be I 

With this field curva-  

This fact  
16. The curva-  

I 

When the  solenoid quenches this  con- 

In spi te  of this  asymmetry  the two halves ag ree  with each  other quite 
wel l  and a r e  seen also to  be s imi la r  in cha rac t e r  (although somewhat lower)  
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Fig .  19 Cur ren t  and field plotted as a function of t he  d imens ionless  

p a r a m e t e r  r) = r / ( ro  - ri)  i l lustrat ing a graphic  method of 
evaluating the c r i t i ca l  c u r  r en t  dens i ty  throughout the solenoid 
superconducting disk.  
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to the H-I  cu rves  obtained by normal  methods for  the s a m e  m a t e r i a l  
( sample  A34 shown a l so  in Fig.  20 for  compar ison) .  

The s tabi l i ty  of this  solenoid cannot be d iscussed  d i rec t ly  in t e r m s  
of the p a r a m e t e r  a der ived in  Section 2 of this r e p o r t ,  s ince a is field 
dependent. 
to the inside of the solenoid the question of what value to  use  a r i s e s .  

Since the magnetic field v a r i e s  considerably f r o m  the outside 

The p a r a m e t e r  a a s  derived in Section 2 i s  the r a t io  of the t e m -  
p e r a t u r e  tha t  would r e su l t  i f  a l l  the c u r r e n t  flowed through the subs t r a t e  
alone t o  the c r i t i ca l  t empera tu re  of the superconductor in  the p re sence  of 
the or iginal  magnetic field, but with no c u r r e n t  in it. 

Let us  f i r s t  der ive  an  express ion  for  the t empera tu re  that would 
ex is t  with all the cu r ren t  flowing in the n o r m a l  subs t ra te .  We sha l l  do  this 
for  the geometry  shown in F i g .  21, and a s s u m e  that it is p a r t  of an  infinite 
solenoid s o  that  we will  neglect end effects .  

= ( r r  ‘ p 0 )  / (2p)  for  cu r ren t  to red is t r ibu te  is  of the o r d e r  of 1 s e c  for  
this device. Since this  t ime i s  long compared  t o  the t r ans i en t s  normal ly  
assoc ia ted  with instabi l i t ies  of this type we a s s u m e  that the c u r r e n t  d i s t r i -  
bution in the copper i s  the s a m e  as it was in the superconductor .  

The cha rac t e r i s t i c  t ime 

0. 

If the disk i s  a s sumed  t o  be p a r t  of an infinitely long solenoid,  then 
the difference between in te rna l  and ex terna l  magnetic field i s  

AB = p 0 j o  J c d r  

The heating in a length 6 ,  assuming a copper res i s t iv i ty  of p is 

i r 

This  can  be normal ized  t o  the average cu r ren t  densi ty  

rr o 

A B  
J J c d r  r .  

- 1 J =  - 
av  r - r  bo - q C 1 ,  o i  
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Fig .  20  H - I  curves  taken f r o m  data  contained in the exclusion and 
trapping branches of the disk solenoid hys t e re s i s  loop. 
Short sample  da ta  f o r  s imi l a r  s t r i p  m a t e r i a l  a r e  a l so  
included fo r  comparison.  

7 
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Fig.  2 1  Schematic  i l lustrat ion of a s ingle  s tabi l ized disk of the solenoid, 
showing method of deriving the local  stabil i ty p a r a m e t e r .  
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s o  that 

The tempera ture  r i s e  is 

Substitution then r e su l t s  in  

This is the tempera ture  which would ex is t  i f  all the cu r ren t  flowed 
in the normally conducting mater ia l .  If a t  th i s  t empera tu re  the supercon-  
ductor is anywhere within the co i l  below i ts  c r i t i c a l  t empera tu re ,  then it 
will locally begin t o  s h o r t  out the normal  subs t ra te  and all the cu r ren t  will 
t r a n s f e r  t o  the superconductor.  It should be emphasized that the supe r -  
conductor need be superconducting only a t  the lowest value of magnetic 
f ie ld ,  since i f  it takes  on cu r ren t  a t  this  point, this d e c r e a s e s  the cu r ren t  
in the substrate ,  and the heating dec reases  allowing f u r t h e r  t r a n s f e r  of 
c u r r e n t  t o  the superconductor.  

The s t a b i l i t y  p a r a m e t e r  can the re fo re  be defined as: 

eff a 

PA B' r d r  

where 
solenoid a t  any t ime. 

Tchmax is the maximum c r i t i ca l  t e m p e r a t u r e  which ex i s t s  in the 
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The demarcat ion between stable and unstable operat ion is a s  before 
a - 1 .  0 with s table  operat ion occurr ing for  a < 1 .  0 .  

eff - eff  

The s tabi l i ty  is  s een  t o  depend on the amount of magnet ic  field t rapped 
or  excluded a s  well  as the maximum c r i t i ca l  t empera tu re .  The maximum 
value of AB occurs  in the second and fourth quadrants  in  F ig .  16 and it is 
in these  quadrants  that  the quenches occur ,  showing that a lmost  complete 
s tabi l i ty  has  been achieved. 

So far it has  been taci t ly  assumed that the  heat  capaci ty  is  v e r y  small 
and the heat t r a n s f e r  v e r y  high in the copper so tha t  t h e r e  a r e  essent ia l ly  no 
t empera tu re  grad ien ts .  However,  the  p re sence  of minor  instabi l i t ies  ( C - F ,  
L - N ,  e tc .  in Fig.  16) suggests  that t h e r e  may  be some  t empera tu re  gradient 
effects .  The instabi l i t ies  between C and F and between Q and R f o r  
example a r e  much l a r g e r  than those between L and N. In the excluding 
branch the highest  c u r r e n t  density occur s  at  the inner  rad ius  where  the cool- 
ing a r e a  is s m a l l  and obstructed,  whereas  with the t rapping branch the 
r e v e r s e  is t rue .  
this  difference in flux jump s i ze  by causing g r e a t e r  t empera tu re  r i s e s  at the 
inside than at the outside for  a given amount of c u r r e n t  t r ans fe r .  

The exis tance of t empera tu re  gradients  could account for  

In o r d e r  t o  s t rengthen  th i s  conjecture  the solenoid was wrapped with 

As seen  t h e r e  the operat ion is ex t remely  
m y l a r  tape t o  reduce  the heat t r ans fe r  to  the helium. The r e su l t s  of this  
exper iment  a r e  shown in Fig.  22 .  
unstable showing that  heat  t r ans fe r  is in fact  an  important  consideration. 
H e r e  as in  Fig.  16 the trapping instabil i t ies a r e  s m a l l e r  than the excluding 
instabi l i t ies  . 

The sur face  contact between the copper d isks  and superconducting 
d i sks  a l s o  has  some efr'eci ~ 1 1  the ~ s c ~ ~ t i ~ ? ?  cf t h e  solenoid. 
j u s t  descr ibed  were  done with the superconducting d isks  ba re .  
exper iment  was done with copper plated d isks  (with the  s a m e  optimum 
anneal) .  
that  the unit i s  somewhat m o r e  stable as evidenced by the absence of the  
s m a l l  instabi l i t ies  in the trapping branch  and the reduced s i ze  of the insta-  
b i l i t i es  in  the excluding branch.  
v i rg in  s t a t e  the complete exclusion branch was t r a c e d  without any complete 
quenches.  
instabi l i t ies  of the unplated unit resul ted in a lower apparent  cu r ren t  densi ty  
because  the H-I curve  taken f r o m  the plated unit ( s e e  Fig.  24) is  somewhat 
h igher  and in  fact  c o r r e l a t e s  a lmost  exactly with s h o r t  sample  data.  

The experiments  
A second 

The data  fo r  this  unit is shown in Fig.  2 3 .  In can be seen  the re  

In fact  on one occasion s ta r t ing  with the 

Evidently the This  was never  achieved with the unplated unit. 
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Fig .  22  Trapping and exclusion loop for  poorly cooled solenoid, showing 
extreme cha rac t e r  of instabi l i t ies ,  
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sample data  for  s i m i l a r  m a t e r i a l  is a l s o  included for compar ison .  
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VII. THE 5-INCH ID N B - Z R  STRIP COIL 

Using only shor t  sample data obtained in the experiment  descr ibed  
above, a 12. 7 c m  (5 i n . )  I. D. 
and constructed.  The unit consisted of a single module compris ing two 
s e r i e s  pancake type coi ls  phased so  that the c r o s s  connection between the 
two occur red  at the inner  diameter .  The conductor consis ted of copper 
plated, optimally annealed Nb-25% Z r  s t r i p  0. 051 mm (0. 002'') thick by 
1.27 c m  (0.  , I 1 )  wide soldered between two copper s t r i p s ,  each  0. 38 mm 
(0.  015") by 1. 27 c m  (0.  5'') wide. 

25.4 c m  (10 i n . )  0. D. solenoid was designed 

Heaters  and  carbon resis tance the rmomete r s  were  placed near the 
inner r ad i i  and at other  s t r a t eg ic  locations and a total  of 52 voltage taps  
w e r e  brought out f o r  observing normal  regions c rea ted  by these hea ters .  

The unit is shown in Fig.  25 ready  for  inser t ion into the t e s t  dewar.  
Its specifications a r e  given in Table 111. 

Table I11 

I. D. 

0. D. 

Length 

Coils p e r  module 

Turns  per coil 

Total  inductance of module 

F ie ld-  cu r ren t  r a t i o  

Minimum predicted center  f ie ld  

Minimum predicted cu r ren t  

Actual cen ter  field 

Actual cu r ren t  

Actual over  all cu r ren t  density 

Actual c u r  rent  density in supe r  conductor 

M a s s  of superconductor in module 

M a s s  of copper in module 

Dimension of Superconductor 

12. 7 c m  (5") 

25. 4 c m  ( lo l l )  

3. 5 cm (1. 38") 

2 

43 

5 mH 

5 . 8  x T/A 

1 . 1  T 

1850 A 

> 1 . 2  T 

> 1900 A 

> 1. 16 lo8 A/m2 

28.6 lo8 A/m2 

0.27 kg 

4. 39 kg 
0.051 mm by 1.27 c m  
(0. 002" by 0. 5") 
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Fig.  25 The 12 .  7 cm I. D. s tab i l ized  superconduct ing  s t r i p  magne t  shown 
ready f o r  inser t ion  into the t e s t  d e w a r .  
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Two types of joints were  used in the coil, spot welded joints between 
Nb-Zr s t r i p s  before lamination and so lder  joints between sect ions of the 
component s t r i p  a f te r  lamination. 
one of the l a t t e r  in the coil. 
e i ther  type during operat ion even at the highest c u r r e n t s .  

The re  were  s e v e r a l  of the f o r m e r  and 
N o  measurable  voltage could be detected a c r o s s  

The coi l  was energized by means  of a 4 V, 2000 A, D. C. supply 
connected to the coi l  by means of leads cooled by the hel ium boil-off g a s  
f r o m  the dewar.  The t e rmina l s  at the top of these leads  w e r e  cooled by 
liquid nitrogen. This a r rangement  increased  the peak c u r r e n t  capabili ty 
of the helium cooled leads  and lowered the heat leak between t e s t s .  

The coi l  per formance  was be t te r  than the min imum predicted p e r -  
formance  given above in Table I11 and i t  could not be dr iven  no rma l  with 
the c u r r e n t  supply available.  
per formance  is i l lustrated in Fig.  26 which shows the c u r r e n t ,  field cha r -  
ac t e r i s t i c s  of the coi l  plotted along with the 
ductor with which it was wound. 
the predicted per formance .  Two sources  of H-I  data  a r e  shown in Fig.  26,  
a sho r t  sample  (Sample A34) tes ted in the conventional way and data  obtained 
f r o m  the disk solenoid. 
of the s t r i p  the H-I  cu rves  fo r  both the para l le l  and perpendicular  c a s e s  
a r e  given for  the sho r t  sample .  
predicted per formance .  The data f r o m  the disk solenoid i s  included a s  a 
check,  and l i e s  between the other two cu rves .  
the data  i s  an average  of the whole range of or ientat ions in the disk solenoid). 
As seen  in Fig.  26 the actual  per formance  l i e s  above the minimum predicted 
by the intersect ion.  

The co r re l a t ion  between actual  and predicted 

H-I  cu rve  for  the supercon-  
The intersect ion of the two cu rves  gives 

In o r d e r  to  take into account the an is t ropy  effects 

The perpendicular  c a s e  gives the minimum 

(This  is t o  be expected s ince 

Tes t s  a l so  indicated that the coil  was predictably influenced by the 
h e a t e r s .  These t e s t s  involved the use  of a hea ter  in the f o r m  of a thin 
s t r i p  of nichrome wound in  c lose t h e r m a l  contact (though e lec t r ica l ly  
insulated)  with the conductor near  the inner  rad ius  so  that  a single complete 
t u r n  could be heated. Seven voltage taps  w e r e  spaced a t  equal intervals  
around this  t u rn  s o  that  the voltage p e r  unit length could be obtained for  
any des i r ed  port ion of th i s  heated turn .  
the coi l  c u r r e n t  at var ious  fixed values and then varying the hea te r  power.  
Data was obtained by record ing  simultaneously the voltages a c r o s s  twenty- 
six sec t ions  of the coi l  (including the seven  sect ions in  the heated tu rn ) ,  
plus the hea te r  c u r r e n t ,  the  heater  voltage and the co i l  c u r r e n t ,  all a s  a 
function of t ime.  
heated t u r n  was plotted a s  a function of hea te r  c u r r e n t  by means  of an X-Y 
r e c o r d e r  connected in  pa ra l l e l  with the mult i -channel  t ime base  r e c o r d e r .  
The resul t ing data  was  in the form of a s e r i e s  of cu rves  of conductor voltage 
d r o p  v e r s u s  hea ter  c u r r e n t  a t  various fixed coil  c u r r e n t s .  

The t e s t  p rocedure  involved sett ing 

In addition, the voltage a c r o s s  the cen te r  section of the 

The da ta  can be interpreted in t e r m s  of the theo ry  der ived in Section2 
of t h i s  r e p o r t ,  
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Figure  27 shows the heat required f o r  a voltage to  appear  in the 
heated sect ion of the coil. 
should yield the c r i t i ca l  coil current  at the  heated section. 
ed section is in the third tu rn  (out of 43 t u rns )  f r o m  the inside of the coil 
the actual c r i t i ca l  cu r ren t  of the coil should be l e s s  than the extrapolated 
value. 

Extrapolation of the data to  z e r o  heat input 
Since the heat-  

F igure  28  shows the data  for  voltage p e r  unit length v e r s u s  hea ter  
power p e r  unit length a t  a constant coi l  cur ren t .  
dicted curve using the theory  in Section 2. 
no voltage appea r s  until a c r i t i ca l  amount of heat has  been supplied, beyond 
this the voltage rises gradually with heat  input until all the cu r ren t  is 
dr iven into the subs t ra te .  

Also shown is the p r e -  
The behavior is as expected, 

-51- 



c 

E 
3 

(3 70 

\ - 
I 
I- 

z 
W 
-I 

z 
3 
U 

a 
IL 
W 

60 

w 5c 

3 4c 
2 

2 
3c 

W 
I 2c 

I C  

C 

Fig .  

I 
I I I I I I I I I I I I 

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 

COIL CURRENT ( A )  

27 Heater power at the onset of coi l  voltage plotted as  a function 
of coil  cu r ren t .  
power yields c r i t i ca l  coil  cu r ren t .  

Extrapolation of th i s  curve  to z e r o  hea ter  

-52 -  



. 

0 

E 
> 
E 

I 
I- 
(3 z 
W 
J 

\ 

CI 

t 

a 
a 

z 
3 

W 

w 
8 
3 
0 > 

I 

/ 
-CALCULATED 

ACTUAL 

COIL CURRENT: 4 0 0 A  
/ 

/ 
/ 

/ 
/ 

/ 
/ 

I /  I I 

ACTUAL 

COIL CURRENT: 4 0 0 A  / 
/ 

/ 
/ /  

60 6 5  70 7 5  

HEATER POWER PER UNIT LENGTH ( W / m )  

A 3 8 7 1  

Fig.  28  Coil voltage response to hea ter  power input f o r  the 1 2 . 7  cm I. D. 
magnet.  

- 5 3 -  



. 

VIII. C O N C L U S I O N  

The work outlined above r ep resen t s  successful  solutions to  the ma jo r  

The section on stabil ization outlines procedures  
obstacles  encountered in using superconductors in s t r i p  f o r m  for  the con- 
s t ruct ion of l a rge  magnets .  
whereby superconducting coi ls  of any s i ze  and using any conductor c r o s s  
sect ion can be designed confidently f r o m  data  contained only in sho r t  
s ample  t e s t s .  
tions to  problems unique to  s t r i p  type superconductors ,  and the performance 
of two actual  solenoids is descr ibed,  

In the remaining sections a discussion is presented  of solu- 

While these  two solenoids a r e  in  fact stable they a r e  not optimally 
designed. Much r ema ins  to  be investigated in t e r m s  of maximization of 
the overa l l  c u r r e n t  density,  operation at t empera tu res  other  than 4 .20K 
and operat ion under par t ia l ly  stable o r  metastable  conditions. The 12.  7 c m  
I. D. magnet is  instrumented f o r  the purpose of implementing investigations 
of t h i s  type to  fu r the r  ref ine the technology of stabilization. 

. 
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APPENDIX A 

SURFACE CURRENT DISTRIBUTION ON AN INFINITELY 
CONDUCTIVE E L I P T I C  CYLINDER 

The function z = c s i n  w maps  a semi-infinite s lot  of width n in 
the w plane as shown in F i g .  A1 into the upper half of the z plane: 

x = c s i n u c o s h v  

y = c c o s  u s i n h v  

Lines of constant v i n  the w plane map as  e l ip ses  of the f o r m  
xz/c2 cos hzv t y2/c2 s in  hzv = 1 in the z plane so that a rectangular  
s t r ip  of width T and thickness s in  h - l  b/c in the w plane maps  into a 
half elipse with major  and minor  axes  a and b respect ively in  the z 
plane. 

If we a s sume  infinite conductivity and a potential \IJ such that 

where I = total  cur ren t  in s t r i p ,  then in the w plane the cu r ren t  density 
on the sur face  v = v is uniform: 

0 

In the z plane K i s  nonuniform and is given by:  
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where H = component of field paral le l  to s t r i p  and  
S 

2 
ds  = q L  dx t d y  

2 = C ~ C O S ~ '  v 0 cos2  u t sinh v 0 sin' 11 du 

If we set  v = s i n h - '  b/c then 
0 

2 2  2 2  
a cos u t b s i n  u du  

s o  that 

I v = v  
0 

1 1 

cos u t -z s i n  u 
a 

The distance s along the sur face  of the s t r i p  is given by 

b 3 , a < < 1  
s i n u  c o s  u 

2 

b2 u s i n u  cos u S 1 s i n u t -  ( z  - 7) 
2 

0 

8a 

. 

The parameter ic  equations A4 and A6 in the  p a r a m e t e r  u f o r m  the 
bas is  for the plot shown in Fig.  12. - 58- 
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